Some of the wear-resistant pieces or coatings, constituted of a metallic matrix and of carbides present in high fractions, are a mix, in similar quantities, of two materials displaying greatly different levels of hardness but also of thermal expansion coefficient. When temperature increases, the second difference of property may lead to particular geometrical behaviours. To study these differences, nine nickel-based, cobalt-based, and iron-based alloys containing very high quantities of carbides were elaborated by foundry. In their as-cast conditions, the microstructures of these alloys were characterized; their hardness and thermal expansion until 1200 • C were measured and analysed, with regard to the evolution of the structures predicted by thermodynamic calculations. The hardness of the alloys is high (nickel alloys) or very high (cobalt and iron alloys, 600 Hv and more) while the thermal expansion is greatly influenced by carbides, notably when temperature has become very high. Some of the variations of thickness at the end of heating or during an isothermal stage at 1200 • C, essentially contraction, directly result from the mechanical interaction between matrix and carbides which was accumulated during the heating.
Introduction
Refractory metallic alloys containing significant quantities of carbides are of a great importance for high temperature applications [1, 2] , even if they are less common than the γ/γ -type superalloys, solid-solution strengthened cobaltbased superalloys, or heat-resistant steels. Many of the carbides-strengthened alloys are based on nickel, cobalt, or iron and elaborated by foundry. They generally contain great quantities (several tens percents in weight) of chromium, which is a carbide-former element promoting, in presence of carbon, the formation of Cr 7 C 3 or Cr 23 C 6 carbides.
The chromium-rich cast nickel-based alloys are used for numerous applications, notably for turbine blades in aeronautics, for which chromium brings to the alloys a good resistance against high temperature oxidation [3, 4] . Carbon can be added to the (Ni, Cr-) based alloys in order to obtain high levels of mechanical resistance and an example of hardness [5] [6] [7] [8] . Cobalt-based alloys rich in chromium are also considered for hot parts in aeronautic turbines and power generation machines, as well as for other applications like some of the fiberizing tools used in the glass industry [9] . Generally several tens of weight percents of chromium are added to cobalt to allow the alloy sufficiently resisting hot corrosion by various molten substances (salts, glasses, etc.), as well as high temperature oxidation. Its role can be also to develop carbides with carbon for improving the high temperature mechanical resistance against creep. High levels of hardness can be expected but they are generally achieved using other types of carbides, as for cutting tools [10] , made of a cobalt matrix containing high amounts of dispersed WC carbides, or for coatings [5] consisting in Co-W 2 C deposited by thermal spray on steels. It is well known that the carbon-containing iron-based alloys are able to offer great volume fractions of hard phases (as cementite, pearlite, or martensite) which allow leading to high hardness values. In their cases too, chromium can be added to the chemical composition to enhance mechanical resistance or hardness of bulks [11] or of hardfacing coatings [12] by forming numerous interdendritic chromium carbides.
Thus, chromium carbides can be met in nickel-, cobaltor iron-based alloys to mechanically strengthen them at high temperature (moderate amounts of carbon and fractions of carbides) or for wear-resistance purpose (high-carbon contents and carbides fractions). In all cases, in service, the temperature of such alloys can increase up to high levels (several hundreds of Celsius degrees), either because of a high temperature in use (e.g., superalloy in turbine blades exposed to hot gases, near 1000-1300 • C) or because of a heating due to friction/abrasion (e.g., cutting tool, lower temperatures). The difference of thermal expansion coefficient existing between matrix (15-20 × 10 −6• C −1 ) and carbides (10 × 10 −6• C −1 ) [13] may then induce a particular global thermal expansion behaviour for the whole alloy.
The aim of this work is to study the possible matrixcarbides mechanical interactions during heating and cooling and their consequences on the thermal expansion behaviours of several model nickel-based alloys, cobalt-based alloys, and iron-based alloys, all containing the same high quantity of chromium and, for each family, three different high levels in carbon to obtain three different high carbide fractions.
Details of the Experiments

Elaboration of the Studied Alloys.
Nine high-carbon 30 wt.% Cr-containing ternary alloys were synthesized by foundry from pure elements. They are M-30Cr-xC alloys, with M = Ni, Co or Fe, and x = 2.5, 3.0 or 3.5 wt.%. The ingots, of a mass equal to about 30 g, were cast in the watercooled copper crucible of a High Frequency induction furnace (CELES), under an inert atmosphere of 300 millibars of pure argon, by melting pure elements together (purity higher than 99% in mass): Co, Ni, Fe, and Cr coming from Alfa Aesar, and C added as pure graphite.
Metallographic Preparation and Characterization:
Hardness Measurements. The ingots were thereafter cut using a Buehler Isomet 5000 precision saw. A sample per ingot was embedded in a cold resin (Escil CY230 + HY956), and the mounted samples were polished by using SiC paper from 120 to 1200 grit under water, then with a 1 μm-diamond paste. A Philips XL30 Scanning Electron Microscope was used for metallographic observations, essentially in the Back Scattered Electrons mode (BSE) under an acceleration voltage of 20 kV. The chemical composition of each alloy was controlled in the bulk, by using a Cameca SX microprobe in a delocalized mode (magnification: ×400) on several locations, while a Philips XPERT'Pro diffractometer was also used to complete the metallographic characterization.
The hardness of each mounted and polished alloy was measured by performing Vickers indentations under a 30 kg load, using a Testwell Wolpert device.
Dilatometry Runs and Thermodynamic Calculations.
The thermal expansion was measured using a TMA 92- 16.18 Setaram apparatus on parallelepipedic samples cut in each ingot the dimensions of which were about 4 mm × 4 mm (square main faces) × 2 mm (direction of the characterized expansion). The heating was performed from ambient temperature up to 1200 • C (rate of 10 • C min −1 ), followed by a dwell of 1 hour and then a cooling down to ambient temperature (rate of −10 • C min −1 ). Three parts of the evolution of the sample's thickness were studied: the thermal expansion during the heating, the thermal contraction during the cooling, and the isothermal dimensional evolution during the 1-hour dwell at 1200 • C.
In order to interpret the phenomena occurring during the dilatometry runs calculations of thermodynamic, stable states were carried out using the Thermo-Calc software [14] and a data base containing the descriptions of the Cr-C system [15] , of the Ni-C, Ni-Cr and Ni-Cr-C [16] [17] [18] systems for the nickel alloys, of the Co-C, Co-Cr, and Co-Cr-C systems for the cobalt alloys [15, [17] [18] [19] , and of the Fe-C, Fe-Cr, and Fe-Cr-C systems [20] [21] [22] [23] for the iron alloys.
Results
Microstructures and Room Temperature Hardness of the
Alloys. All the alloys in the as-cast conditions were examined using the Scanning Electron Microscope (SEM) in Back Scattered Electrons (BSE) mode. Nine micrographs illustrating their microstructures are given in Figure 1 .
The three as-cast nickel alloys display microstructures constituted in both matrix and carbides. In all cases, the alloy's matrix is a nickel-FCC solid solution, and the carbides are both Cr 7 C 3 and Cr 3 C 2 , as revealed by X-ray diffraction. This can be also seen on the BSE micrographs with the coarse proeutectic carbides; the outer part of which is darker than the middle (the Cr 7 C 3 carbides were seemingly transforming into C-richer Cr 3 C 2 carbides during cooling). All microstructures are effectively of a hypereutectic type, with presence of these acicular proeutectic carbides, which are discrete in the Ni-30Cr-2.5C alloy but which become more present and coarse for the two highest carbon contents, 3.0 and 3.5 wt.%. The hardness values increase with the carbon content, from 341 ± 10 for 2.5C to 386 ± 15 for 3.5C (Hv 30 kg ).
For the three as-cast cobalt alloys, the microstructure are, on the contrary, hypoeutectic for 2.5C and 3.0C and seemingly eutectic for 3.5C. The matrix is a mix of HCP and FCC cobalt solid solutions and carbides are essentially Cr 7 C 3 . These alloys are significantly harder than the nickel alloys since their hardness increase from 588 ± 15 for 2.5C to 646 ± 10 for 3.5C (Hv 30 kg ).
With the three iron-based alloys, the three microstructures characters, hypoeutectic, eutectic and hypereutectic, are represented with the Fe-30Cr-2.5C, Fe-30Cr-3.0C, and Fe-30Cr-3.5C alloys, respectively. As shown by X-ray diffraction, the matrix is Centred Cubic, and the carbides are Cr 7 C 3 in all cases. The hardness increases from 584 ± 4 for 2.5C to 619 ± 12 for 3.5C (Hv 30 kg ). 
Thermal Expansion Behaviours.
The obtained dilatometry curves are given in Figure 2 for the nickel alloys, Figure 3 for the cobalt alloys, and Figure 4 for the iron alloys. Only their parts above 100 • C (and even sometimes 200 • C) were taken under consideration because perturbations caused at very low temperature by the thermal equilibrium establishment of the apparatus.
The thermal expansion of the nickel alloys ( Figure 2 ) is often almost linear from 100 • C to 1200 • C, with a thermal expansion coefficient of around 17-18 × 10 −6• C −1 . However, when approaching the maximal temperature, one can notice a deceleration of expansion in the case of the Ni-30Cr-3.5C alloy, over about 900 • C. During the isothermal stage a contraction happens. It is revealed by a position of the 1200 • Cextremity of the heating part of the dilatometry curve which is higher than the 1200 • C-extremity of its cooling part (Figure 2 , graphs on the left side). These contractions are more visible on the graphs presented in the right side of the same figure, with curves plotted versus time instead temperature. One can see an isothermal contraction initially rapid and slower thereafter, which is more pronounced for the highest carbon alloy than for the others: the absolute value of the total isothermal contraction increased from 0.09% to 0.24% (Table 1) for carbon content in the alloy increasing from 2.5 to 3.5 wt.% C. This generally results in a residual negative deformation after return at 100 • C, the absolute value of which increases from 0.04% to 0.18% for a carbon content in the alloy increasing from 2.5 to 3.5 wt.% C.
The cobalt alloys do not present so clear evolution of their thermal expansion behaviour versus the carbon content ( Figure 3) . Indeed, if the Co-30Cr-2.5C alloy behaves like the nickel alloy with the same carbon content, curious phenomena affect the thermal expansion curves of the two C-richest cobalt alloys. The Co-30Cr-3.0C curve suddenly jumps near 1000 • C just before knowing a contraction (sudden too) when approaching 1200 • C. This contraction goes on during the stage over a particularly high amplitude (−0.52%, Table 2 ). A similar phenomenon seems affecting the high temperature part of the heating dilatometry curve of the Co-30Cr-3.5C alloy, but with amplitudes much lower. The cooling part of all curves presents a small dilatation near 700 • C. Concerning the average thermal expansion coefficient (determined on the linear part of the heating dilatometry curve), it is of about 16 × 10 −6• C −1 for the three alloys, as is to say a little smaller than for the nickel alloys.
The iron alloys present dilatometry curves; the heating part of which can be divided into two parts. The average thermal coefficient (Table 3) on the low temperature part (typically <800 • C) is generally lower than the one of the high temperature part (>800 • C), and these two α coefficients both decrease when the carbon content increases (from 18 to less than 16 × 10 −6• C −1 for the low temperature part, and from 25 × 10 −6• C −1 to 14 × 10 −6• C −1 for the high Table 1 : Thermal expansion coefficients measured on the dilatometry curves, deformation at T reaching 1200 • C, deformation and total deformation values after the 1200 • C-isothermal stage (Δε 1200% ) and after return to 100 • C (Δε 100% )-nickel-based alloys. temperature part). At the end of heating and during the isothermal stage, there is also a contraction but which is curiously less pronounced when the carbon content of the alloy is higher, as is to say contrarily to what was observed for the nickel alloys. Indeed, the absolute value of the isothermal contraction decreases from 0.28 to 0.06% when the carbon content increases from 2.5 to 3.5 wt.%. However, the residual deformation after return to 100 • C after cooling decreases (from +0.34 to −0.22%) when the carbon content in the alloy increases, as observed for the nickel alloys and for the cobalt alloys.
Discussion
Thus, with such high carbon contents, the Ni-30Cr, Co-30Cr, and Fe-30Cr systems present high densities of carbides, Cr 7 C 3 exclusively (cases of the cobalt or iron alloys) or together with the C-richer Cr 3 C 2 carbides for the nickel Table 3 : Thermal expansion coefficients measured on the dilatometry curves, deformation at T reaching 1200 • C, deformation and total deformation values after the 1200 • C-isothermal stage (Δε 1200% ) and after return to 100 • C (Δε 100% )-iron-based alloys.
Fe-30Cr-3.0C Fe-30Cr-3.5C Average α 1 (10 alloys. Unsurprisingly too, the obtained hardness are very high and increase with the carbon content in the three systems, showing that such alloys are very hard and suitable for wear-resistance applications (especially the cobalt alloys and the iron alloys with their 600 Hv and more). This can be easily explained by the great hardness of the present carbides: 1336 Hv 50 g for Cr 7 C 3 and 1350 Hv 50 g for Cr 3 C 2 [24] . If the temperature of these alloys increases, these ones logically know thermal expansion. Concerning the nickel alloys, this expansion is globally linear, at least until reaching a very high level of temperature (1200 • C for the Ni-30Cr-2.5C and Ni-30Cr-3.0C alloys, 900 • C for the Ni-30Cr-3.5C alloy). This is not surprising since the matrix remains FCC over the whole temperature range, as verified with Thermo-Calc calculations (which also confirms the possibility to get both Cr 7 C 3 and Cr 3 C 2 carbides for the three alloys). The heating parts of the dilatometry curves of the cobalt alloys are also globally linear, despite the theoretical change of matrix from HCP to FCC as predicted by Thermo-Calc near 500 • C. It is true that the matrix was not initially wholly HCP as shown by the XRD patterns performed on the as-cast cobalt alloys. However, one can think that the alloy has become wholly austenitic at the end of heating, without accompanying dilatometry phenomenon. The new appearance of a new HCP part of matrix during cooling seems being revealed by small discontinuities in the dilatometry curve at 700 • C and in two cases (Co-30Cr-3.0C and Co-30Cr-3.5C) at 500 • C, which is the temperature of the FCC → HCP change according to Thermo-Calc calculations. The iron alloys also know a linear thermal expansion at heating, but which is linear on two parts. The low-temperature one corresponds to a ferritic matric (revealed by the XRD patterns) and the hightemperature one corresponds to an austenitic matrix. This allotropic change, occurring over about 800-900 • C, is also predicted by Thermo-Calc for these three alloys. One can notice that the dilatometry runs show that the temperature range of α → γ transformation slightly decreases when the carbon content increases, from about 810-890 • C for the Fe-30Cr-2.5C alloy to 780-820 • C for the Fe-30Cr-3.5C alloy, which is slightly lower than for pure iron for which this transformation occurs near 910 • C with the same contraction consequence.
Almost all the alloys have also encountered, either already before the end of heating or at least during the whole isothermal stage, a contraction which often results in a residual negative deformation after return to 100 • C in our case. Such curious behaviour was previously encountered, and explained, for (Ni, Co, or Fe)-30Cr-0.8C alloys [25] : the difference of thermal expansion coefficient between the matrix (e.g., 18-20 × 10 −6• C −1 for a Ni-30Cr binary alloy) and the chromium carbides (about 10 × 10 −6• C −1 ) leads to an increasing tensile elastic deformation of the carbides due to matrix expansion, accompanied by an increased compression stress applied by carbides to the matrix; when temperature is high enough to weaken the matrix, this one can be visco-plastically deformed in compression under the action of the carbides which reduces their accumulated tensile stresses. Such phenomena may appear if carbides are sufficiently present 8 ISRN Metallurgy in the metallic alloys, but it can be reduced, and even eliminated, by fragmenting carbides by applying an adequate heat treatment if the carbides are not too coarse and not too numerous [26] .
This contraction affects the Ni-30Cr-2.5C and Ni-30Cr-3.0C alloys only during the isothermal stage, and during this hour at 1200 • C, the deformation in compression is greater for a higher carbon content, that is, for a higher carbides fraction. Due to a higher carbide fraction, the contraction begins before the end of the heating for the C-richest nickel alloy, and goes on, with a higher rate than for the two other alloys, during the isothermal stage. The same phenomenon affects the cobalt alloys, but with different forms. The Co-30Cr-2.5C alloy globally behaves like the nickel alloy containing the same carbon. Because of their higher carbide fractions, the linear parts of the thermal expansion of the Co-30Cr-3.0C and Co-30Cr-3.5C alloys display rates of deformation versus temperature which are lower. But when temperature is high enough, it seems that the compressed matrix becomes more (Co-30Cr-3.0C) or less (Co-30Cr-3.5C) free from the grip of carbides, but these ones finish to compress matrix at least during the isothermal stage. At the end of this one, just before cooling, the total deformation of the alloy is anyway lower for the alloys containing more carbides. Concerning the iron alloys, similar observations can be made, and the deformation at the end of heating as well as the deformation at the end of isothermal stage, is also lower if the carbon content or carbide fraction is higher in the alloy.
Thus there are significant consequences for the dimensional evolution of carbides-rich alloys in temperature cycling conditions. To avoid such effects and hysteresis of deformation between heating and cooling, it may be first possible to fragment carbides by applying a specific heat treatment, as already successfully obtained for alloys less rich in carbon. Another possible mean is to reinforce the matrix, for example, by solid solution strengthening, to allow it to deform reversibly by remaining in the elastic deformation domain and then avoiding visco-plastic deformation.
Conclusions
The alloys of this study, which are for most of them simplified versions of real alloys used to resist wear, for example, as coatings deposited on mechanical pieces, present logically high levels of hardness-especially when based on cobalt or iron-and also particular thermal expansion behaviours. In service, if frictions lead to very high temperatures, such behaviours may induce small but real deformation of these pieces, a lack of geometrical stability which can become a problem. But some means for diminishing this effect potentially may exist, by structural hardening allowing matrix to better resist visco-plastic deformation and then recovering a reversible character of deformation.
